Obstacles to developing an HIV-1 vaccine include extensive viral diversity and lack of correlates of protective immunity. High mutation rates allow HIV-1 to adapt rapidly to selective forces such as antiretroviral therapy and immune pressure, including HIV-1-specific CTLs that select viral variants which escape T-cell recognition. Multiple factors contribute to HIV-1 diversity, making it difficult to disentangle the contribution of CTL selection without using complex analytical approaches. We describe an HIV-1 outbreak in 231 former plasma donors in China, where a narrow-source virus that had contaminated the donation system was apparently transmitted to many persons contemporaneously. The genetic divergence now evident in these subjects should uniquely reveal how much viral diversity at the population level is solely attributable to host factors. We found significant correlations between pairwise divergence of viral sequences and HLA class I genotypes across epitopelength windows in HIV-1 Gag, reverse transcriptase, integrase, and Nef, corresponding to sites of 140 HLA class I allele-associated viral polymorphisms. Of all polymorphic sites across these 4 proteins, 24%-56% were sites of HLA-associated selection. These data confirm that CTL pressure has a major effect on interhost HIV-1 viral diversity and probably represents a key element of viral control. 
Introduction
Despite Ͼ 2 decades of research, the critical components of protective immunity to HIV-1 infection remain inadequately defined. The general consensus that CD8 ϩ CTLs provide a major force controlling viral replication 1 was challenged by the failure of a Merck adenovirus 5 recombinant candidate HIV-1 vaccine to confer protection despite inducing virus-specific CTLs in most recipients. 2 The halting of the STEP vaccine trial prompted calls for a fundamental reevaluation of the role of the different elements of the immune response to HIV-1 infection.
One approach to defining the effect of cellular immune responses on viral control is to determine the extent to which virus evolution is dictated by HLA class I-restricted T-cell targeting of particular viral epitopes. HIV-1 undergoes diversification in an infected person over the course of disease, 3 leading to the coexistence of multiple "quasispecies." The high rate of mutation is largely because of the error-prone nature of reverse transcriptase and allows the virus to respond rapidly to selection pressure from forces such as antiretroviral therapy (ART) and the host immune response. 4 The accumulation of viral variants in the infected person is reflected in the extraordinary diversity of circulating viruses, even within viral subtypes, shown in population-based studies. 5 Virus-specific CTLs constitute an important selective force on viral evolution: viral escape from CTL pressure in the infected person is well described 6, 7 and tends to follow stereotypic mutational pathways on the basis of the HLA-restriction of CTL epitopes, just as ART resistance mutations are characteristic for particular drugs. 8 The extent of CTL selection at the population level was first shown by Moore et al, 9 who analyzed the frequency of amino acid substitutions departing from a population consensus reverse transcriptase (RT) sequence in HIV-infected persons in an Australian population as a function of their HLA-A or -B genotypes. The analytical approach investigated the correlation between individual HLA types and autologous HIV-1 RT polymorphisms and used multivariate methods to adjust for coinheritance of HLA alleles within the MHC, as well as covarying codons in RT. This adjustment aimed to distinguish associations that arose directly from viral escape mutation within HLA-restricted epitopes from those caused indirectly by linked HLA alleles, compensatory viral mutations, or subtype-specific viral polymorphisms. This study concluded that CTL selective pressure makes a major contribution to viral intrahost diversity and, in some cases, drives fixation of HLA-adapted residues in the population, implying that certain HIV-1 epitopes may become less immunogenic over time. [9] [10] [11] Subsequent methods were developed that used phylogenetic trees to impute shared viral lineage between HIV sequences and to adjust explicitly for "founder effects," in which viruses related by common lineage and also enriched in immunogenetically distinct subpopulations may lead to correlations between certain HLA types and viral polymorphisms. 12 With the use of these methods, it was argued that the extent of CTL selection in viral evolution may have been overestimated. 12 Another study used mathematical modeling to estimate the contribution of CTLs to driving HIV-1 variation in chronic 13 infection and also concluded that selection by CTLs plays only a minor role 14 (although it could be argued that this study may have underestimated the selection imposed by the potent CTL response in acute HIV-1 infection [15] [16] [17] . Additional support for the concept that at the population level certain HIV-1 epitopes would become less immunogenic over time was provided by the work of Scherer et al. 13 Large population-based studies in geographically diverse populations that used several methods of phylogenetic correction have shown extensive HLA allele-specific polymorphism across the HIV-1 subtype B and C proteomes 5, 18, 19 : these methods require large sample sizes for adequate statistical power. In addition, the methods are based on the principle that CTL selection could not itself drive any phylogenetic similarity between viral sequences among subpopulations with many shared HLA alleles, although one study has suggested that phylogenetic clustering at more terminal branches in a tree, such as within viral subtypes, could be influenced by immune selection. 20 All of these issues make statistical estimations of CTL selection in driving HIV-1 variation a challenging undertaking in most HIV-1 epidemics, particularly those with complex subtype admixtures, strong host population substructures, or complex viral transmission networks.
Here, we describe the unusual situation of a large populationbased outbreak of HIV-1 infection occurring in an isolated rural community in Henan province in central China after participation in a paid plasma donation scheme in the village. Such schemes operated in various parts of Henan and surrounding provinces between 1980 (at the earliest) and 1996; however, donations within this community (referred to as "SM village") only occurred within a relatively narrow period between 1993 and 1995. It is thought that HIV-1 transmissions among paid plasma donors in China occurred as a result of contamination of blood collection equipment or pooled red cells being returned to donors 21 : a previous study of the p17 region of gag and C2-V3 region of env, which included 89 persons sampled across 15 other Henan communities, suggested that the paid plasma donation/blood transfusion-associated HIV-1 subtype BЈ epidemic in China is monophyletic. 22 We were able to ascertain fully all surviving HIV-infected persons in SM village, based on community-based HIV screening programs undertaken in [2004] [2005] , and to establish epidemiologically that HIV-1 infection probably occurred by the same route and in the same timeframe in all study subjects. We present analysis of HIV-1 gag, pol, and nef proviral sequences and HLA class I genotypes from 231 surviving HIV-1 infected plasma donors in SM village, derived from samples collected ϳ 10-12 years after primary infection and (in most cases) before ART exposure. Because of the unique epidemiologic characteristics of this outbreak, which suggest contemporaneous infection of multiple hosts from an unusually narrow source by the same route of infection, we analyzed the viral sequence data to determine whether this was apparent in their phylogenetic relationships. We then sought to determine the extent to which HLArelated selection pressure driving intrahost viral evolution during the decade since infection accounted for interhost HIV-1 diversity and evolution.
Methods

Ethics statement
Ethical approval was obtained from Beijing Youan Hospital and the University of Oxford Tropical Ethics Committee (OXTREC).
HIV-1 sequencing
HIV-1 gag, pol (RT and integrase regions), and nef were amplified by nested PCR from proviral DNA, and bulk sequences were derived as described previously. 23 
HLA genotyping
Low-resolution (2-digit) HLA class I molecular typing was performed with an Amplification Refractory Mutation System with sequence-specific primers at the Human Immunology Unit, Weatherall Institute of Molecular Medicine, Oxford. Deviations from Hardy-Weinberg equilibrium were tested with the Arlequin v3.1 software. 24 
Multiple comparisons
False discovery rates and associated q-values 25 need to take account of both the discreteness of the test statistics and strong correlations between tests. We obtained the null P value distributions by replicating the analysis to create the appropriate tables and marginal frequencies, fixing the margins but imputing random hypergeometric table values subject to these fixed margins. Because of the replication of similar tables with corresponding marginal frequencies within each analysis, 50 imputed random tables were sufficient to estimate the null distribution. False discovery rates and q-values were then obtained by comparing the observed and null P value distributions. 26 
HIV-1 phylogenetic analysis
The HIV-1 phylogenetic analysis is described in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Phylogenetic stratification of HLA allele-HIV-1 polymorphism associations
The phylogenetic stratification of HLA allele-HIV-1 polymorphism associations is described in supplemental Methods.
T-cell assays
18mer peptides that contained residues with strong HLA associations were used in ELISPOT assays with the use of PBMCs derived from donors with the relevant HLA type who had not yet developed the HLA-associated mutation in vivo. CTL lines/clones were generated as described previously. 23 Optimal epitope peptides and HLA restriction were determined with T-cell clones tested against truncated peptides and B-cell lymphoblastoid cell lines with matching single HLA class I molecules, as previously described. 27 
Results
Study population
Samples were collected from all identified former plasma donors with chronic HIV-1 infection, living in SM village, Henan province, China. SM village is a close-knit and geographically isolated rural community, in which most local residents have lived for several generations and have intermarried between families. Between 1993 and 1995, many residents in this village joined a scheme for paid plasma donation, many of whom donated their plasma repeatedly. Most members of the cohort were not aware that they had been infected with HIV-1 until 2004 when large-scale HIV screening programs were initiated in China. We estimate that 407 former plasma donors in SM village acquired HIV infection, based on the identification of 258 HIV-1-infected adults in 2005 and reports of 149 premature adult deaths with symptoms compatible with HIV-1 disease before 2004. HIV-1 infection was not detected in persons residing in the village during 1993-1995 that did not donate plasma, suggesting that infection was not easily transmissible through the village by routes not associated with plasma donation. Of the surviving HIV-1-infected patients, 258 were recruited into this study; none was treated with ART before 2004. Viral sequence data were generated from all 258 subjects (using samples obtained between 2005 and 2007), and HLA typing was completed for 231 of these patients. The epidemiologic data suggest that all the cohort members probably acquired HIV-1 infection by the same route during the same time period and subsequently progressed to diverse disease outcomes without ART for the first 9-10 years of infection. A total of 89 subjects received ART (for various lengths of time) in the 1-3 years before samples were obtained for viral sequencing.
HLA class I allele distribution
Two-digit HLA typing showed a hierarchical structure for HLA-A alleles, dominated by HLA-A*02 (30%), HLA-A*11 (13.4%), A*24 (14.7%), and A*33 (10.7%). HLA-B*40 was the most prevalent B allele (14.5%), whereas HLA-B*51 and B*13 were observed at frequencies of 10.8% and 10.3%, respectively. Among HLA-C types, HLA-Cw*03 was the dominant allele (20%), followed by HLA-Cw*07 (16.1%), Cw*06 (14.9%), Cw*08 (12.4%), and Cw*01 (11%). This HLA distribution is generally similar to that reported in other Han Chinese cohorts. 28, 29 The rate of heterozygosity for HLA-A and HLA-C alleles did not suggest any deviation from the Hardy-Weinberg equilibrium; however, for HLA-B alleles analyzed separately, the observed rate of heterozygosity was less than expected (0.86 observed vs 0.93 expected; P ϭ .025, SD ϭ 0.000 10). 30 Associations with low viral load that remained significant after correction for multiple comparisons were observed in persons with carriage of HLA-A*30 and HLA-B*51 (data not shown).
HIV-1 sequence diversity in the SM cohort is consistent with an outbreak from closely related strains
We constructed maximum likelihood phylogenetic trees of SM cohort HIV-1 gag, pol, and nef sequences. SM cohort sequences across all 3 proteins clustered with the subtype BЈ reference sequence YN.RL42 as well as sequences obtained from GenBank derived from plasma donation associated infections in neighboring regions. 31 In particular SM cohort p17 gag regions interspersed with matched length subtype BЈ p17 sequences derived from paid plasma donors from neighboring cities in Henan province, examined in a previous study by Zhang et al 22 ( Figure 1A ). In contrast, p17 sequences from intravenous drug users from 3 different regions of southern and western China (subtypes CRF07 and CRF08) and those with probable sexually acquired infection from Beijing (subtype B and recombinants) examined previously 22 clustered separately from each other and from SM cohort sequences. As noted by Zhang al, 22 there was no apparent clustering by geographic location (ie, clustering among SM cohort sequences and other plasma donation-related sequences from outside SM village); rather, there was clear clustering on the basis of route of transmission across all these Chinese populations.
The phylogenetic patterns reflected the genetic distance evident within and between groups of sequences. The mean genetic distance within the SM cohort was comparable to that previously observed among Henan plasma donation-associated sequences 22, 32 (6% vs 4.4% in p17, respectively) and was only 3% when gag, pol, and nef were considered, suggesting a restricted diversity, similar to . Because of the sample size, a bootstrap value from 500 replications was only obtained for the nef maximum likelihood tree and was found to be 87% for the SM cluster. We obtained bootstrap values for gag and pol clusters using neighbor-joining trees, which shared the same topology as maximum likelihood trees, and these were both Ͼ 80%.
that seen occurring within an infected person over time or between transmission pairs.
We also compared the SM cohort HIV-1 gag, pol, and nef sequences with matched length segments of HIV-1 derived from a large population-based cohort in the United States with respect to genetic distances and phylogenetic relationships (gag tree shown in Figure 1B ). Although the US sequences are subtype B, they derive from a large complex, long-standing epidemic 32 in which the 
of transmission is sexual, presumably with multiple sources of viral ingress into and multiple networks of transmission within the population. As expected, SM cohort sequences clustered separately across all 3 genes examined with strong bootstrap support. Genetic distances calculated with full gag sequences indicated that the average distance within the US cohort was 8% compared with 3% in the SM cohort, and the mean distance between them was 7%. In addition, average polymorphism rates and entropies over matched segments of gag in sequences drawn from the US cohort and the SM cohort were compared. The average entropy over 461 positions was 0.136 Ϯ 0.214 in the SM cohort and 0.193 Ϯ 0.299 in the US cohort. The average polymorphism rates were 0.039 Ϯ 0.079 and 0.059 Ϯ 0.110 in the SM and US populations, respectively. By both diversity measures, the SM cohort sequences had approximately one-half the level of diversity of that seen in the comparator multifounder cohort, again consistent with a narrow source epidemic. These data show the extent to which population diversity can be driven by within-patient sequence evolution alone even in a population with a relatively restricted genetic (including HLA) repertoire.
Finally, to provide further supportive evidence of the route of transmission, we sought to estimate the age of the SM cohort cluster with the use of an established Bayesian Markov Chain Monte Carlo approach, as implemented in the program BEAST v1.5, with length of chain of 30 million and previously reported substitution rate for HIV-1 subtype B pol. 33 This analysis indicated that the SM cohort sequences had an estimated time to most recent common ancestor of 15.01 mean years, with 95% confidence interval between 10.7 and 19.8 years, which accommodates the known period of plasma donation in SM village and suggests that no infections in this cohort occurred more recently than 1995, when plasma donation ended in the village.
HLA-HIV polymorphism associations at the population level
Although a rapidly dispersing, narrow source outbreak should not, by definition, be subject to within-cohort founder effects in the computation of HLA-HIV-1 polymorphism associations, we used a published method for computing associations which still incorporates viral sequence relatedness. 34 We detected a total of 141 statistically significant associations between HLA-A (28.4%), HLA-B (48.9%), and HLA-C (22.7%) alleles and divergence from the population consensus amino acid at single amino acid residues within HIV Gag, RT, integrase, and Nef with P values at or below the cutoff at which a 20% false positive rate (q-value Յ 0.2) would be expected. All but one of these retained significance after adjustment for sequence clustering, consistent with a narrow source epidemic without strong founder effects. The final 140 associations were then plotted in HLA allelespecific maps to indicate their distribution, most probable amino acid substitution, and relationship to published CTL epitopes with a matching HLA restriction (Figure 2 ; supplemental Table  1 ). The most intense HLA-associated selection was observed in Nef (number of HLA associations per codon, 0.165), followed by Gag (0.112), integrase (0.079), and RT (0.05).
Because some subjects had received ART before providing samples for viral sequencing, we investigated whether potential ART mutations in the pol sequences that we analyzed could have confounded our analysis. We noted that 2 HLA class I-associated polymorphisms in RT coincided with known ART resistance mutations, namely pol 343 Y-L (Y188L), a non-nucleoside RT inhibitor resistance mutation that was associated with HLA-B57 and A1 in our cohort, and pol 374 K-E (K219E), a nucleoside RT inhibitor resistance mutation that was linked with HLA-B48. However, when we compared the frequency of mutations between ART-treated patients and the cohort overall, we saw much higher frequencies of the mutations in subjects with the relevant HLA allele than in treated persons (data not shown); therefore, we conclude that HLA class I alleles represent the main selective force for these mutations rather than drug resistance.
Contribution of intrahost HLA-associated selection to interhost HIV diversity
Given that epidemiologic history, genetic distance data, phylogenetic patterns, and the HLA associations analysis were consistent with a narrow source epidemic, the genetic distance between viral sequences within the cohort should reflect sequence evolution within individuals, to some extent after viral adaptation to each host's HLA-restricted CTL responses. The HLA associations at single residues indicate the individual changes driven by HLAassociated selection. At sites with Ն 5 persons in the population with a nonconsensus amino acid present, and counting only the phylogeny-adjusted HLA associations with q-value Ͻ 0.2, the proportion of polymorphic sites subject to HLA-associated change was 30% in Gag, 56% in integrase, 24% in RT, and 32% in Nef.
We further hypothesized that the overall contribution of immune selection to viral diversity as a whole (beyond single residues) could also be determined by testing for the significance of correlations between HLA allele matching and similarity in viral sequences on a pair-wise basis. For each pair of persons we calculated a dissimilarity score between their viral sequences on the basis of amino acid nonagreements and a corresponding score on the basis of their HLA-A/B/C allele matching. We then looked for correlations between these scores over Gag, RT, integrase, and Nef sequences. Correlations were tested over the full-length proteins and then localized correlations were tested over sliding intervals of 10 residues across each protein, representing an approximate "epitope-length" window. All analyses were performed with Tibco Spotfire Sϩ8.1 (Tibco Software Inc). Because the dissimilarity scores were not independent across all pairs of persons, significance was assessed by randomization tests in which HLA genotypes and viral sequences were permuted, and the standard R 2 was compared with the randomization distribution. Permutations (n ϭ 500) were used to estimate P values, thus truncating P values at 1/500. Divergences in viral sequences on the basis of full protein length were not significantly associated with HLA mismatching for Gag, RT, integrase, or Nef; however, when shorter sliding intervals of 10 amino acids were considered, the localized correlations between HLA and sequence dissimilarities became significant across Gag, RT, integrase, and Nef (Figure 3) . Many of the regions of strong HLA-viral correlation correspond to the HLA associations computed at single residues with the use of alternative methods ( Figure 2) ; however, here it is the overall CD8 T-cell influence on pairwise diversity, rather than individual HLA alleleassociated substitutions that are made evident. Notably, there are strong peaks of significance in Nef corresponding to the HLA-A24-associated change at position 135 and in integrase corresponding to HLA-A33-, -B58-, and -Cw3-associated substitutions at position 125. The observation that strong HLA correlations with viral divergence are only apparent in localized windows is consistent with the immune system's "view" of HIV, not as whole functional proteins or virus, but as a collection of short peptide lengths. Within this geography of "immunologically relevant" sequence windows, viral diversity in the population is strongly determined by CTL selection. In contrast, the divergences over whole proteins or longer lengths of viral sequence encompass multiple immune and nonimmune influences (including lineage).
Cumulative HLA-driven adaptation per person
To determine the extent of cumulative adaptation on a per-host basis, we examined, in each person, the viral residues in their autologous sequence at which a significant HLA-HIV polymorphism association had been detected in the previously described population-level analysis. Because the number of potential adaptation sites will probably be determined by a person's HLA genotype, we calculated the number of residues in the HLAadapted state as a proportion of total residues potentially associated with adaptation to that person's own HLA-A, -B, and -C alleles (Figure 4) . Therefore, persons with no relevant HLA-association sites by virtue of their particular HLA genotypes were excluded. Although the extremes of association were based on small numbers, in the middle ranges containing more persons there was a strikingly constant percentage of cumulative adaptation, between 30% and 60%, for Gag, RT, integrase, and Nef, regardless of the number of sites potentially subject to adaptation. For example, in Gag, an average of 50% of sites subject to HLA-driven change were adapted in persons, whether those persons had only 5 or Ͼ 15 residues potentially subject to HLA-associated pressure. Notably, there was significant cumulative adaptation occurring in persons with many available sites over all proteins, suggesting that CD8 T cells exert selective pressure across multiple epitopes within persons with chronic HIV-1 infection. 
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HLA-associated mutations predict the presence of previously unknown CTL epitopes
A substantial proportion of HLA-associated mutations did not lie close to or within known CTL epitopes. However, because only a limited amount of CTL epitope mapping has been performed in Chinese cohorts for HLA alleles common in the Chinese population, 35 ,36 these mutations could be markers for previously unidentified epitopes. For an HLA-A33-associated mutation in Pol, we identified donors with HLA-A33 and responses to the consensus (ie, nonadapted) 18-mer sequence containing the residue of interest, in whom the viral sequence did not show a mutation at this time point. CTL lines and clones were established with the 18-mer peptide and used to determine the optimal epitope and restricting HLA molecule. These studies showed the presence of a previously unknown HLA-A33-restricted epitope in RT (Figures 5A-B) . The A33-associated mutation, RT N447S, was detected in 10 of 22 subjects with HLA-A33 but in only 3 of 69 donors without the A33 allele. None of the A33 donors with the RT N447S mutation made a T-cell response to the Pol54 consensus peptide, nor did CTL responding to the nonmutated epitope recognize the variant peptide ( Figure 5C ), confirming that this sequence change represents a CTL-driven escape variant.
Discussion
In this epidemiologically unique population, sequences across 3 major HIV-1 genes formed a monophyletic subtype BЈ cluster that cosegregated with other sequences associated with the plasma donation epidemic in central China. 22 This pattern suggests it is unlikely that ingress from the sexual transmission populations or injecting drug user populations elsewhere in China had occurred in this study cohort. The sequences exhibited relatively restricted genetic diversity, comparable to intrahost divergence over time, and approximately one-half that seen in a typical population-based cohort in the United States with a longer history of HIV-1 infection, presumably with multiple founders and complex transmission networks. The age of the most recent common ancestor for this cluster coincides with the relatively short interval during which the plasma donation clinics operated in this particular village, arguing that this outbreak represents a more focused geographic sampling within the wider monophyletic plasma donation epidemic involving several cities and villages. Taken together these results suggest to a high degree of certainty that this outbreak arose from a narrow source, in keeping with all the available epidemiologic information on HIV-1 infection within this population. Analysis of interactions between HLA and HIV show that pairwise divergence in HLA genotype correlates with pairwise divergence in viral sequence, although this correlation is, as might be predicted, only evident within localized windows that reflect the epitope targeting of HLA class I-restricted CTL. We show that many sites of viral polymorphism within these windows are HLA allele specific and that the most intense selection effects are associated with HLA-B locus alleles. Of the 3 HIV-1 proteins studied, all of which elicit potent CTL responses, selection was most apparent for Nef, consistent with previous studies, 5, 18, 19, 32 presumably because the functional and structural constraints on mutation are greater for Gag and Pol. We estimate that HLA-associated mutations account for between 24% and 56% of the polymorphic sites detected in gag, nef, and pol sequences in this cohort, showing the extensive contribution of cellular immune selection to viral evolution. At the per-host level, all proteins show extensive HLA-associated adaptation in the order of 30%-60% of sites subject to CTL selection. The biologic significance of HLA associations is supported by the demonstration that HLA-associated mutations lie in previously undefined T-cell epitopes restricted by these HLA molecules, as shown here in the example of a novel HLA-A33-restricted Pol epitope.
Outbreaks of monophyletic HIV-1 strains are rare but have been described previously in injecting drug users in Kaliningrad 37 and in children attending a Libyan hospital. 38 However, there are additional features of the SM cohort that distinguish it from other narrow source epidemics. It is probable that cohort members were infected within a relatively short time frame, because all cohort members were plasma donors and few cases of HIV-1 infection have been detected in nondonors in the village. Because HIV-1 infection was not diagnosed and treated until 2004, this permits the direct observation of viral diversification from a narrow source over almost 10 years without the confounding influence of ART. The cohort is ethnically homogeneous Han Chinese, so the HLA repertoire influencing viral evolution is well defined and relatively limited. Inevitably the cohort is restricted to those who survived until 2004, thereby limiting the information that can be gleaned about rapid progression in the villagers who died before this date. Nevertheless, a cohort in which several of the major variables that affect the natural history of HIV-1 infection (viral strain, route and timing of infection, and ethnic diversity) are controlled provides an unparalleled opportunity to determine host genetic factors that influence clinical outcome, which will be the basis of future studies.
These data confirm the central role of CD8 T cells restricted by class I HLA molecules in driving viral evolution. Since the first description of the emergence of viral variants that escape T-cell recognition in chronic HIV-1 infection, 6 evidence has accumulated that selection by HIV-specific CTLs contributes to viral variation, but it has been difficult to quantify this contribution accurately. It is now clear that CTLs drive viral diversification from early stages of infection, 16 but escape may also occur late in infection, when it has been associated with clinical deterioration. 7 Late escape may be a consequence of the number and complexity of the mutations required to generate a replication-competent T-cell escape variant, as in the case of the immunodominant HLA-B27-restricted epitope in Gag, KK10, for which a combination of 3 amino acid substitutions are required (one of which is outside the epitope) 39 ; an additional compensatory mutation restores replication capacity close to the wild-type level. 40 The long-term stability of T-cell escape mutants depends on the fitness cost incurred by the virus; variants with a high-fitness cost tend to revert to the original sequence after transmission to a host without the selecting HLA allele, unless an appropriate compensatory mutation is also present. Other variants revert only slowly, if at all, 41 thereby potentially compromising the efficacy of the CTL response to HIV-1 in donors with the selecting HLA types. At a population level, the accumulation of escape mutations for a HLA-B51-restricted response reflects the prevalence of this allele in the population; in Japan, where HLA-B51 is most common, this has been sufficient to undermine the earlier association of HLA-B51 with viral control. 42 Selection of variants with a high-fitness cost in conserved regions of the virus has been proposed as an important mechanism to explain the association of certain HLA class I molecules such as HLA-B57 and -B27 with delayed disease progression in HIV-1 infection. 43 Examination of HIV-1 transmission pairs suggests that primary infection with CTL escape variants is advantageous to HLA-mismatched recipients, 44 presumably because the transmitted virus has some degree of impaired replicative capacity. The implications of HLA-mediated viral selection are therefore complex; although in some cases the adapted virus may have lost susceptibility to the host's most potent antiviral CTL, reduced replicative capacity of some escape variants may provide a relative advantage to the host. Moreover, because dominant T-cell responses are lost at the population level because of viral adaptation, the development of subdominant responses may confer enhanced viral control, as has been shown in other viral infections. 45 The stability, ethnic homogeneity, and high degree of interrelatedness of the SM village population results in viral selection being subject to a relatively limited number of HLA alleles; however, this leads to the associations between viral polymorphisms and individual HLA alleles present at high frequency being very strong, such as the HLA-A24 association with characteristic mutations at position 133 and 135 in Nef, which lie within or close to an immunodominant HLA-A24-restricted nef epitope. 46 We have shown that strong class I HLA associations that are not in known CTL epitopes may predict novel epitopes, which is particularly valuable for less-studied vaccine target populations. Nevertheless, there is a substantial amount of individual viral variation that is not explained by HLA-mediated effects. Future studies may identify other immune influences on viral evolution; for example, natural killer cells are able to respond to individual HIV peptides, 47 and interactions between killer immunoglobulin-like receptor molecules expressed on natural killer cells and HLA class I molecules are sensitive to the peptides bound to the HLA molecule, including HIV epitope peptides. 48 The rapid adaptation of HIV-1 to evade CD8 ϩ T-cell responses at both the individual and population levels has significant implications for vaccine strategies. Although recent studies of T cellinducing vaccines have shown encouraging results in macaque models, 49, 50 it remains a major challenge to generate a T-cell response in humans that will provide protection against diverse strains of HIV-1, especially when HIV-1 strains circulating within a population have acquired stable mutations to evade the dominant T-cell responses restricted by common HLA molecules in that population. However, combining the analytical approaches presented here with T-cell studies across the viral proteome in populations such as the SM cohort should allow the determination of regions of the virus that are both immunogenic and subject to functional or structural constraints or both, which are the most likely to elicit potentially protective immune responses.
